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HIV-1 infection is characterized by loss of CD56"™ CD16™ NK cells and increased terminal differentiation
on various lymphocyte subsets. We identified a decrease of CD57~ and CD57%™ cells but not of CD57""2" cells
on CD56"™ CD16* NK cells in chronic HIV infection. Increasing CD57 expression was strongly associated
with increasing frequencies of killer immunoglobulin-like receptors (KIRs) and granzyme B-expressing cells
but decreasing percentages of cells expressing CD27*, HLA-DR™, Ki-67*, and CD107a. Our data indicate that
HIV leads to a decline of less-differentiated cells and suggest that CD57 is a useful marker for terminal

differentiation on NK cells.

NK cells are effector cells of innate immunity which are
pivotal as first-line defense against viral infections, such as HIV
infection (14). Large genotypic studies demonstrated a delayed
onset of AIDS in HIV-seropositive individuals carrying the
activating receptor KIR3DS1 and/or alleles of the inhibiting
receptor KIR3DL1 in conjunction with HLA-Bw4-80I (18, 19).
Development of NK cells mainly takes place in the bone mar-
row, from which mature NK cells move out to reside and
circulate in peripheral sites (13). Mature NK cells are charac-
terized by granules which harbor granzymes and perforin. These
NK cells are fully armed, “ready-to-go” effector cells (17).

A number of NK cell abnormalities have been reported in
HIV infection (9), including high activation status (2, 10),
increased turnover (16), differential expression of activating
and inhibitory receptors (20), impaired interaction with den-
dritic cells (12), and loss of CD56%™ CD16" NK cells (23).
CD56%™ CD16™ NK cells represent the largest NK cell subset
in peripheral blood in healthy individuals. The expression of
killer immunoglobulin-like receptors (KIRs) and CD57 are
predominant features of this subpopulation (8, 15). CD57 ex-
pression on NK cells has been previously associated with rep-
licative senescence on T and NK cells (4), raising the question
of how HIV-1 infection alters CD57 expression on CD56%™
CD16™ NK cells.

To the best of our knowledge, no one has addressed the
phenotypic and functional properties of CD56%™ CD16" NK
cells that are preferentially lost during HIV infection. Here, we
provide evidence that increasing CD57 expression indicates
terminal differentiation in healthy individuals, as well in as
HIV-infected subjects. We furthermore show that HIV infec-
tion is associated with preferential loss of less-differentiated
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cells, which are characterized by high activation status and
turnover.

In this study, blood samples from 37 HIV-seropositive indi-
viduals and 15 healthy subjects were analyzed; all HIV-infected
patients were either antiretroviral therapy naive or untreated
for more than one year. The HIV-positive study cohort com-
prised 10 patients with a viral load of less than 2,000 copies/ml,
14 patients with a viral load ranging from 2,000/ml to 20,000
copies/ml, and 13 patients with a viral load above 20,000 cop-
ies/ml. CD4 T cell counts ranged from 180/ul to 1,355/ul, the
average being 457.3/pl.

The study was approved by the local ethics commission
(Ethikkommission der Medizinischen Hochschule Hannover,
Votum No. 3150), and all study participants gave informed
written consent for their participation.

Flow cytometric analysis was performed on cryopreserved
peripheral blood mononuclear cells (PBMCs) as previously
described (21, 22). A list of monoclonal antibodies employed in
this study is available upon request. For intracellular analysis
of granzyme B, perforin, and Ki-67, we used a fixation and
permeabilization kit (Invitrogen). At least 1 million events
were acquired for each sample, using either a FACSAria or
LSR II flow cytometer (BD Biosciences). Data were analyzed
with FlowJo (TreeStar). Lymphocytes were defined by forward
and side scatter. CD3™, CD14", CD19", dead cells, and cell
aggregates were removed from analysis based on peridinin
chlorophyll protein and Viaprobe staining and gating on a plot
of forward-scatter area versus forward-scatter height (Fig. 1A).
NK cells and their distinctive subpopulations were defined
based on their CD56 and/or CD16 expression. Fluorescence-
minus-one (FMO) staining was used to determine threshold
values for the expression of specific markers.

NK cells as defined above were sorted from cryopreserved
PBMCs on a FACSAria (purities ranged from 91% to 99%).
An amount of 10> NK cells was plated per well and stimulated
with 10 ng/ml interleukin-15 (IL-15), 100 ng/ml IL-12, and 5 X
10* K562 cells. A CD107a degranulation assay was performed
as described previously (1, 12). GraphPad Prism (version 5.0)
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software was used for statistical evaluation of data. Correlation
analysis was performed using the Pearson test. The unpaired ¢ test
was performed when two groups were compared, and all ¢ tests
were two tailed. Comparison of more than two groups was per-
formed using one-way analysis of variance followed by Tukey’s
post-hoc test. P values of less than 0.05 were considered signifi-
cant.

We found that CD57 on NK cells was predominantly ex-
pressed on the CD56%™ CD16" population (Fig. 1A). The
expression patterns of CD57 allowed us to differentiate be-
tween three subfractions within CD56%™ CD16" NK cells,
namely, CD57~, CD574™ and CD57""€"" cells. The frequency
of the CD57°"&" subpopulation on CD56%™ CD16* NK cells
was increased compared to the frequency of the CD57%™ sub-
population on CD56%™ CD16™" NK cells in HIV-seropositive
patients but not in HIV-seronegative control subjects (Fig.
1B). This relative increase was associated with substantial re-
ductions of the CD57~ CD56“™ and the CD574™ CD56%™
NK cell subpopulations of total NK cells in our HIV-seropos-
itive cohort compared to these subpopulations in healthy con-
trol subjects (means, 36.6% versus 24.8% [P = 0.0002] and
22.4% versus 15.4% [P = 0.0001]), but the frequencies of
CD57°"eht CD56"™ NK cells within total NK cells were similar
between HIV-infected patients and HIV-seronegative individ-
uals (Fig. 1C). In accordance with previously published data (3,
23), we could confirm that there is a relative loss of CD564™
CD16" NK cells in HIV infection (mean, 84.3% versus 67.0%,
P = 0.0004) (Fig. 1D). Our data indicate that this loss is
predominantly due to decreased numbers of CD57~ CD56%™
and CD574™ CD56™ NK cells, leading to a relative overrep-
resentation of CD57°"#" cells within CD56"™ CD16" NK
cells in HIV infection (Fig. 1C). There was no significant cor-
relation between the relative loss of CD57~ and CD574™ NK
cells and absolute numbers of CD56%™ CD16% NK cells, but
there was a significant inverse correlation between loss of
CD579™ NK cells and increasing percentages of CD56~
CD16" cells (Pearson r = —0.54, P = 0.001) (Fig. 1E).

To determine whether the relative decrease of CD57 and
CD574™ NK cells was associated with parameters of HIV
disease progression, we performed correlation analysis of the
percentages of CD57 or CD57%™ cells with viral load and
CD4 T cell counts. We found no such correlations (Pearson
r < 0.2 and P > 0.05 for all) (data not shown). A recent
cross-sectional and longitudinal study demonstrated that changes
in the NK cell compartment, as shown by down-modulation of
Siglec-7 on CD56%™ NK cells, are associated with HIV viremia
(5). The longitudinal data in the study indicated that the full
restoration of NK cell pathologies required 24 months of an-
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tiviral treatment. This suggests that alterations in the NK cell
compartment can be driven by HIV viral load but that these
changes seem to require a significant amount of time.

We next investigated the phenotypic and functional proper-
ties of the CD57 ", CD57%™, and CD57°"'¢" subpopulations on
CD56%™ CD16" NK cells. For KIR2DL2/DL3/DS2, we de-
tected increasing prevalences of KIR-expressing NK cells with
increasing expression of CD57 in both healthy control subjects
and HIV-infected blood donors (Fig. 2A). As for KIR3DS1/
DL1, we found an increase of KIR "-expressing NK cells be-
tween CD57~ and CD57""€" cells in control individuals and
significant differences in percentages of KIR3DS1/DL1-ex-
pressing NK cells between CD57~ and CD57™, as well as
between CD57~ and CD57°"&" NK cells in our HIV-positive
cohort (Fig. 2A). These results suggest that increasing CD57
expression is associated with higher numbers of KIR-express-
ing NK cells in control subjects and HIV-infected subjects.

We next addressed the question of whether increasing CD57
expression is linked to differential phenotypic properties of NK
cells and analyzed the HLA-DR and CD27 expression of the
CD57-, CD574™, and CD57""&" subpopulations on CD56%™
CD16" NK cells. A significantly higher fraction of NK cells
expressed HLA-DR in the CD57 than in the CD57°"€" sub-
set in both healthy control individuals and HIV-infected sub-
jects (Fig. 2B). A considerably higher portion of NK cells was
positive for HLA-DR in HIV-infected individuals than in con-
trol subjects (means, 3.2% versus 13.2% [P < 0.0001], 1.8%
versus 10.4% [P = 0.001], and 0.9% versus 6.5% [P = 0.005]
for CD57~, CD57%™, and CD57°"&" subpopulations, respec-
tively). We furthermore detected marked differences in fre-
quencies of cells expressing CD27, a member of the tumor
necrosis factor (TNF) receptor family (24). CD57 NK cells
displayed the highest percentages of CD27" cells, whereas
CD57°"#" cells were almost all negative for CD27, in both
control individuals and HIV-seropositive subjects (Fig. 2B).
We thus show that increasing expression of CD57 is associated
with differential activation status and differential phenotype.

Next, we sought to determine whether CD57 is linked to
differential functional phenotypes by assessing the intracellular
expression of granzyme B, perforin, and Ki-67. The frequen-
cies of perforin-expressing NK cells did not vary within the
different CD57 subsets of CD56“™ CD16™ NK cells (Fig. 3A).
However, we found that CD57°" 8" cells displayed the highest
frequencies of granzyme B™ in both control and HIV-seropos-
itive subjects, whereas CD57" cells exhibited the lowest per-
centages for granzyme B™ cells (Fig. 3A). Conversely, when we
studied the expression of Ki-67, we identified the opposite
trend: less than 5% of CD57""€" cells in control individuals

FIG. 1. HIV infection is associated with loss of CD57~ and CD57%™ but not CD57°"€" CD56%™ CD16* NK cells. (A) Representative gating
scheme for identification of NK cells. NK cells were defined as CD3™ CD14™ CD19 lymphocytes expressing either CD56 or CD16 or both. We
divided CD569™ CD16* NK cells into three subsets based on their level of CD57 expression: CD57~, CD574™, and CD57°"¢" cells. Numbers on
FACS plots indicate frequency of gated population. SSC-A, side scatter area; FSC-A, forward scatter area; FSC-W, forward scatter width.
(B) Comparison of percentages of the CD57~, CD574™, and CD57°"¢" subpopulations in control subjects (n = 14) and HIV-seropositive
individuals (n = 34) on CD56%™ CD16* NK cells. ns, not significant (P > 0.05); #*, P < 0.01; #*%, P < 0.001. (C) Frequencies of CD57 ", CD57%™,
and CD57°"€" expressing CD564™ CD16" NK cells in relation to total NK cells in control subjects (n = 14) and HIV-seropositive individuals (n =
34). (D) Mean frequency of CD56%™ CD16* NK cells in 14 control individuals and in 34 HIV-infected people and the distribution of CD57",
CD57%™ and CD57°"€M cells within CD56%™ CD16" NK cells is shown. (E) Relationship between percentage of CD574™ CD56%™ CD16"NK
cells and percentage of CD56™¢ CD16" NK cells on total NK cells. Horizontal bars in dot plots show the means.
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FIG. 2. Phenotypic characterization of the CD57~, CD579™, and CD57°"" subpopulations of CD56%™ CD16" NK cells. Representative flow
cytometry plots for one control and one HIV-infected subject and summary data for all individuals whose PBMCs were analyzed are shown.
CD577, CD579™ and CD57°"€" NK cells are concatenated to visualize them in a single dot plot. Numbers in contour plots indicate percentages
of gated events of the respective subset. (A) Percentages of KIR2DL2/DL3/DS2 and KIR3DS1/DL1-expressing CD57~, CD579™, and CD57°"e"
cells were analyzed in control individuals (» = 15) and HIV-infected subjects (n = 37). (B) Numbers of HLA-DR-expressing and CD27-expressing
CD57-, CD574™, and CD57°"¢" cells in control individuals’ (n = 15) and HIV-infected subjects’ (n = 37) PBMCs were analyzed. Horizontal bars
in dot plots show the means. ns, not significant (P > 0.05); *, P < 0.05; #*, P < 0.01; %%, P < 0.001.

and less than 10% of CD57""&" cells in HIV-infected study
subjects expressed Ki-67 (Fig. 3B). The highest numbers of
Ki-67" cells were found in the CD57~ population.

We also assessed the presence of the degranulation marker
CD107a on CD57~, CD579™, and CD57°"¢" subpopulations
of CD56%™ CD16" NK cells after stimulation with IL-12 and
IL-15 and exposure to K562 cells. Similarly to what we had
observed for Ki-67 expression, CD57" cells were the most
efficient at degranulation when compared with CD574™ and
CD57°"ht cells in HIV-infected individuals. Comparison to

healthy controls revealed that there was a higher expression
of CD107a in HIV-seropositive subjects for each CD57 subset.
However, the most effective degranulation occurred in the
CD57~ and CD579™ subsets, which are preferentially de-
pleted in HIV infection.

We focused our analysis on CD56%™ CD16" NK cells be-
cause they constitute the largest NK cell subset in peripheral
blood, they are the major NK cell subset expressing CD57 and
KIRs, and they are the most prominent subpopulation for
cytolytic activity. CD56%™ CD16" cells but not CD56"ht
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FIG. 3. Functional characterization of CD57~, CD574™, and CD57""¢"" cells within the CD56%™ CD16" NK cell population. (A) Represen-
tative staining results for granzyme B and perforin and summary data for control (» = 14) and HIV-seropositive subjects (n = 36). Numbers in
the concatenated contour plots indicate percentages of gated events of the respective subset. B cells were defined as the negative control for
granzyme and perforin staining. (B) Percentages of Ki-67" and CD107a™ cells on CD57~, CD574™, and CD57""€" cells within the CD56%™ NK
cell population in control (n = 14 and n = 9, respectively) and HIV-seropositive (n = 36 and n = 21, respectively) subjects’ PBMCs were analyzed.
Horizontal bars in dot plots show the means. NC, negative control; ns, not significant (P > 0.05); *, P < 0.05; #*, P < 0.01; %%, P < 0.001.

CD16~ NK cells were reported to be decreased in HIV-in-
fected subjects (23), which we could confirm in our experi-
ments (data not shown). We did not find CD57 on CD56"""
CD16~ NK cells either in healthy or in HIV-infected individ-
uals. CD57 has been described as a marker for replicative
senescence, and its expression has been associated with shorter
telomeres and diminished proliferative capacities on T and NK
cells (4). The presence of this marker on CD56%™ CD16™ but
not on CD56"€" CD16" NK cells might explain why the latter
subset was shown to proliferate more efficiently upon cytokine
stimulation (6). We demonstrated that increasing CD57 ex-

pression on NK cells was associated with lower numbers of
CD27-expressing cells, a marker which is mainly expressed by
CD56°7&" CD16~ NK cells (24). CD56°7 8" CD16™~ cells were
suggested to be early NK cells, which differentiate from
CD34%™ CD45RA* hematopoietic precursor cells with high
expression of integrin o,B-, (11). These cells can furthermore
give rise to CD56"™ CD16" NK cells (7). Our data support
this hypothesis, as we show that CD57 can be found on
CD56%™ CD16™ NK cells but not on CD56¢" NK cells,
whereas the opposite is observed for CD27.

We demonstrate that differential CD57 expression is asso-
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ciated with distinct functional characteristics. We show for
the first time that increasing expression of CD57 on CD564™
CD16" NK cells is associated with increasing prevalence of
KIR™ and granzyme B™ cells. These cells appear to be more
mature and differentiated in terms of KIR and granzyme B
expression but less functionally active, as shown by decreased
expression of Ki-67 and CD107a. We therefore propose that
CD57 is not only a marker for replicative senescence but, in
addition, a marker for terminal differentiation on NK cells, which
is characterized by increased expression of KIR and higher gran-
zyme B content and “counterbalanced” by decreased degranula-
tion (CD107a) and decreased proliferation (Ki-67).

Notably, we observed consistently higher frequencies of
granzyme B™ cells in all three subsets within CD56“™ CD16™*
NK cells from HIV-seropositive individuals than in healthy
control subjects (means, 52.9% versus 78.7% [P < 0.0001],
65.3% versus 89.6% [P < 0.0001], and 76.5% versus 95.0%
[P < 0.0001]for CD57~, CD574™, and CD57°"¢" subpopula-
tions, respectively) (Fig. 1C). Furthermore, HIV infection was
associated with higher numbers of Ki-67-expressing NK cells
(means, 8.4% versus 16.1% [P = 0.0005], 5.3% versus 11.6%
[P = 0.0016], and 4.1% versus 6.2% [P = 0.04]) (Fig. 1C).
These changes, including the strong increase in HLA-DR-
expressing NK cells, probably reflect the systemic immune ac-
tivation in HIV-infected individuals.

In summary, these findings support a view of a differential
regulation of NK function and are in concordance with matu-
ration of NK cells with high expression of CD57 on NK cells
with a more terminally differentiated phenotype. Our data
indicate that high turnover; activation status; and active de-
granulation as characterized by the expression of Ki-67, HLA-
DR, and CD107a are mainly features of CD57 and much less
of CD574™ NK cells. HIV infection is associated with in-
creased activation, proliferation, and cytotoxicity during
“early” stages of CD56%™ CD16* NK cell differentiation com-
pared to their occurrence in healthy controls, but those are the
very cells that are significantly decreased in chronic HIV in-
fection. A loss of these functionally more active NK cells may
be a yet-unappreciated factor in overall NK cell pathology and
a further possible explanation for the impairment of NK cells
in their contribution to viral control in HIV infection.
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